Recipient preparation is of prime importance for the successful transplantation of spermatogonial stem cells (SSCs). Busulfan destroys endogenous germs cells and is commonly used for recipient preparation. However, busulfan produces significant side effects, including systemic toxicity, and it is lethal in certain species. The side effects associated with busulfan compromise the efficiency of SSC transplantation and threaten the safety of recipients. Here, we show that heat shock treatment of testes can be used as an alternative to busulfan treatment. Fourteen days after heat shock treatment, mice received a testicular injection of donor germ cells expressing enhanced green fluorescent protein (EGFP). Busulfan-treated mice were used as controls. Two months after transplantation, the number (12 6 1 mm) and length (30.46 6 5.23 mm) of EGFP-expressing testicular colonies in heat shock-treated recipients were not significantly different from those in busulfan-treated recipients. Furthermore, healthy EGFP-expressing offspring were obtained after intracytoplasmic injection of round spermatids recovered from heat shock-treated recipients. This result indicates that donor SSCs undergo complete spermatogenesis in the heat shock-treated testes of recipients. Our findings demonstrate the feasibility of using heat shock for the preparation of recipients before SSC transplantation in mice. Heat shock may prove to be useful for recipient preparation in mammalian species in which busulfan produces significant toxicity.
INTRODUCTION
For the past few decades, the transplantation of spermatogonial stem cells (SSCs) has proven to be an effective model for studying interactions between Sertoli cells and germ cells during spermatogenesis as well as a promising technology for producing transgenic farm animals [1, 2] . This technology is also useful for preserving the reproductive potential of genetically valuable individuals or endangered species [3, 4] . Successful SSC transplantation is largely dependent on the preparation of recipients, which involves the destruction and blockade of endogenous germ cells and spermatogenesis, respectively, to allow transplanted SSCs to translocate from the lumen to the basal compartment of the seminiferous tubules and begin donor-derived spermatogenesis [5] . Although mice with genetic defects in spermatogenesis, such as W/W V mutant mice [6] , have been used, busulfan-treated mice are the most common recipients of SSC transplantation [5] [6] [7] .
Busulfan, a DNA-alkylating agent with preferential toxicity to proliferating cells, can eradicate almost all of the endogenous germ cells in the testes of a recipient, thereby creating an empty space in the adluminal and basal compartments that is surrounded by Sertoli cells and the Sertoli cell-basement membrane. The empty space facilitates the migration and localization of donor SSCs in the testes of the recipient. Busulfan has been used to treat SSC transplantation recipients in a variety of species, including the mouse [7, 8] , the rat [9, 10] , the monkey [11] , and the pig [12] . In other species, however, busulfan treatment has not been successful in preparing SSC transplantation recipients. In the rat, offspring have been obtained after germ cell transplantation in busulfan-treated recipients [13, 14] , but the efficiency of transplantation is poor, in large part because busulfan drastically disturbs the testicular microenvironment, a structure called the SSC niche. The damaged niche does not recover but, rather, degenerates further. The degeneration of the niche prevents transplanted SSCs from reconstituting normal self-renewal and differentiation [15] . In large animals, such as the pig [12] , as well as in small animals, such as the mouse [16] and the rat [15] , busulfan treatment can produce systemic toxicity and even lethality resulting from severe bone marrow depression. The side effects associated with busulfan treatment significantly limit the efficiency of SSC transplantation and threaten the welfare of recipient animals, which is particularly problematic when the recipients are endangered wildlife or livestock species. Radiation therapy is an alternative method for recipient preparation. However, irradiation induces the calcification of seminiferous tubules, and this can impair the ability of the transplanted cells to flow through the seminiferous tubules [17] . A safer and more effective method of recipient preparation for SSC transplantation is desirable.
In most mammals, testicular hyperthermia results in increased germ cell death [18, 19] , and short-term exposure to heat shock causes apoptosis and degeneration of germ cells in the mouse [20, 21] and the rat [22] . Additionally, although spermatocytes and round spermatids are most susceptible to high temperature, spermatogonia are also sensitive to elevated temperatures. In the mouse, apoptosis occasionally can be observed in spermatogonia after exposure of the testes to abdominal temperature [20] . In the rat, repeated exposure of testes to heat has produced a progressive decrease in testicular size and an increase in the percentage of severely damaged tubules, and these findings were attributed to the loss of spermatogonia [23] . In the rabbit, the number of type A spermatogonia is drastically reduced in cryptorchid testes [24] . Heat shock pretreatment therefore might be used to create an empty space in the adluminal compartments and some of the basal compartments within the testes of a transplant recipient; this could facilitate the passage of transplanted SSCs through the Sertoli cell tight junctions and into the basal compartment in which SSCs normally reside [25] . Sertoli cells, which modulate the apoptosis of germ cells [26] , should not be impaired drastically by heat shock treatment, so the spermatogonial niche should be maintained and capable of supporting donorderived spermatogenesis. In addition, heat shock treatment can be targeted to the testes to avoid systemic side effects. A recent study showed that heat shock treatment combined with busulfan treatment was used successfully for germ cell transplantation in fish [27] . In the present study, we examined the feasibility of using local heat shock treatment alone for recipient preparation before SSC transplantation in mice.
MATERIALS AND METHODS

Animals
Transgenic C57BL/6J male mice that express enhanced green fluorescent protein (EGFP) were purchased from the Model Animal Research Center of Nanjing University and were used as donors. The EGFP expressed in this transgenic mouse line is driven by a chicken b-actin promoter and cytomegalovirus enhancer. With the exception of erythrocytes and hair, tissues from these transgenic mice fluoresce green under excitation by ultraviolet (UV) light. Wild-type C57BL/6J male mice (Laboratory Animal Research Center of the Academy of Military Medical Sciences) were used as SSC transplantation recipients. The oocytes that were used for intracytoplasmic injection were collected from female ICR mice (Laboratory Animal Research Center of the Academy of Military Medical Sciences). Animals were housed in a standard animal facility under controlled temperature (208C) and photoperiod (12L:12D), with food and water provided ad libitum. The animal use protocols were prepared in accordance with the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching, and all procedures were approved by the Animal Use Committee at China Agricultural University.
Heat Shock Treatment
The scrota of 8-wk-old recipient mice were exposed to a single heat shock treatment using a modification of the procedure described by Rockett et al. [21] . Mice were anesthetized by intraperitoneal injection with Sumianxinzhusheye II (1.0-2.0 mg/kg body wt). The lower half of the torso was submerged for 15 min in a water bath set at 438C. After heat exposure, mice were allowed to recover from the effect of anesthesia at room temperature and then returned to cages. Scrota were inspected immediately after heat shock treatment to ensure that the scrotal skin was not injured by the treatment. Control mice were treated in the same manner as experimental mice except that the water bath was set to 338C.
Busulfan Treatment
Mice in the control group were treated with busulfan as reported previously [17, 28] . Busulfan (Sigma) was first dissolved in dimethyl sulfoxide (Sigma), and then an equal volume of sterile water was added to obtain a final busulfan concentration of 4 mg/ml. The aqueous dilution was maintained at a temperature slightly greater than 378C until injection to prevent the busulfan from crystallizing and to keep it in solution. Busulfan was intraperitoneally injected once into the mice at a dose of 40 mg/kg to destroy the spermatogenic cells, and the mice were used as recipients after 4 wk.
Histology
Recipient mice in the experimental and control groups were killed at 4 h and at 2, 4, 7, 10, 14, 18, 22, and 28 days after heat shock treatment. The testes from each animal were immersion-fixed in 4% paraformaldehyde at 48C for 7 days. The testes were paraffin-embedded, sectioned at a thickness of 4-5 lm, and stained with hematoxylin and eosin for histological examination.
Testicular Cell Preparation and Transplantation
Testicular germ cell suspensions were obtained from EGFP-transgenic C57BL/6J mice at 6-8 days after birth using a two-step, enzymatic digestion protocol [7] . Briefly, the tunica from the testis was removed, and the exposed tubules were treated with 1 mg/ml of collagenase followed by digestion with 0.25% trypsin. The released cells were centrifuged at 600 3 g and 168C for 5 min. After centrifugation, the supernatant was removed, and the dissociated testicular cells were suspended (5 3 10 6 cells/ml) in Dulbecco PBS supplemented with 5% fetal bovine serum.
Wild-type C57BL/6J homozygous mice were treated with heat shock as described above to deplete endogenous germ cells in the testes. Approximately 10 ll of donor cell suspension were transplanted into the seminiferous tubules of each testis of the recipients through the efferent duct at 12-16 days after heat shock treatment. Approximately 80%-85% of the seminiferous tubules were filled with the donor cell suspension as determined by trypan blue, which was added to the solution as an indicator to monitor the progress of seminiferous tubule filling.
Analysis of Recipient Testes
The testes of the recipients were collected 60 days after transplantation. Tubes containing the testes were dispersed and viewed under UV light to visualize donor-derived spermatogenic colonies. Individual EGFP-positive FIG. 1. Mean testicular weight in control mice and heat shock-treated mice on different days after treatment. Data are presented as the mean 6 SEM (n ¼ 6 per group). *P , 0.05, **P , 0.01.
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tubules represented donor-derived spermatogenic colonies originating from a single transplanted SSC. Colony number and total length were counted using a fluorescence stereoscope.
Preparation of Spermatogenic Cells for Intracytoplasmic Round Spermatid Injection
Before intracytoplasmic round spermatid injection (ROSI), testes containing donor-derived spermatogenic colonies were placed in PBS, and the tunicae were removed. Seminiferous tubules were allowed to spread by washing three times with PBS. The tubules were resuspended in a Petri dish containing PBS and carefully dissected into small pieces using fine scissors. The dissected tubules were gently pipetted to allow spermatogenic cells to disperse into the medium. The cell suspension was filtered through a 38-lm nylon mesh and washed twice by centrifugation (600 3 g for 5 min at 258C). The trypan blue exclusion test showed that 90%-95% of cells were alive after this procedure. The cells were washed once more and resuspended in PBS containing 5% fetal bovine serum, and the samples were then stored at 48C for several hours.
Preparation of Mouse Oocytes
Female ICR mice (age, 7-10 wk) were injected with 7.5 IU of equine chorionic gonadotrophin, followed by injection of 7.5 IU of human chorionic gonadotropin (hCG) 48 h later. Mature oocytes were collected from oviducts 15-17 h after the hCG injection, and cumulus cells were removed by a 3-min treatment with 0.1% hyaluronidase in Chatot, Ziomet, and Bavister (CZB) medium. Oocytes were then transferred to fresh CZB medium and incubated for up to 90 min in a 5% CO 2 incubator before micromanipulation.
Intracytoplasmic ROSI and Transfer of Embryos
Intracytoplasmic ROSI was performed using a micropipette attached to a piezo-electric actuator (PrimeTech). The tip of the micropipette was cut to an inner diameter of 4.5-5.0 lm, measured near the tip. The cover of a plastic dish (50 3 3 mm; Falcon 1006; Becton Dickinson) was used as a microinjection chamber. A row of four small drops, of which two consisted of Hepes-buffered CZB containing 0.1 mg/ml of polyvinyl alcohol (for oocytes) and two consisted of 10% polyvinyl pyrrolidone in Hepes-buffered CZB, were placed on the 
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bottom of the dish and covered with silicone oil. One of the polyvinyl pyrrolidone drops contained the spermatogenic cell suspension. The round spermatids from donor-derived colonies can be identified readily by their green fluorescence, small size, and centrally located chromatin mass [29, 30] . Before injection, oocytes were activated by treatment with Ca 2þ -free CZB medium containing 5 mM SrCl 2 for 20 min at 378C. Each oocyte was injected with a round spermatid 45-90 min after activation. Oocytes were kept in Hepes-CZB at room temperature for 10 min and then cultured in a 5% CO 2 incubator. Embryos that reached the 2-cell stage after 24 h were transferred to the oviducts of Day 1 pseudopregnant ICR females.
Statistical Analysis
Testicular weights, number of colonies per testis, and average colony length per testis were compared among groups using a Student t-test conducted with SAS software (SAS Institute). Data are presented as the mean 6 SEM, and P , 0.05 is considered to be statistically significant.
RESULTS
Testicular Weights after Heat Shock Treatment
Testicular weight was significantly lower in the heat shock group than in the control group beginning on Day 4 after treatment (Fig. 1) . On Day 14 after treatment, the testicular weight in the heat shock group reached its lowest level, averaging 37.00 6 6.11 mg/testis, which was significantly lower than the average weight of 86.34 6 9.19 mg/testis in the control group. The testicular weight in the heat shock group increased slightly from Day 18 to Day 28, at which point the average weight was 71.25 6 8.84 mg/testis; however, the testicular weight remained significantly lower than that in the control group (Fig. 1). FIG 
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Population of Germ Cells in the Seminiferous Tubules after Heat Shock Treatment
Compared with the control group ( Fig. 2A) , the heat shock group showed a reduction in germ cells in seminiferous tubules, which was presumably the result of apoptosis (Fig. 2 , B and C). In addition, the tight junctions between Sertoli cells showed a progressive disorganization in the heat shock group, developing into hollow seminiferous tubules on Day 7 after treatment, at which point the number of germ cells in the tubules was further reduced and the empty cavity became more visible (Fig. 2D) . On Day 10 after treatment, tubule crosssections contained few germ cells, and endogenous spermatogenesis was thoroughly depleted (Fig. 2E) . On Day 14 after treatment, single-layer germ cells were observed in more than 90% of sections (Fig. 2F) . Spermatogenesis gradually recovered, and multilayer germ cells were present on Days 18-28 ( Fig. 2, G-I) . On Day 28, the morphology of the testes was similar to that in the control group (Fig. 2, A and I ).
Colonies from Donor SSCs in the Testes of Heat ShockTreated Recipients
On Day 40 after transplantation, donor-derived germ cell colonies with green fluorescence were observed in the testes of heat shock-treated recipients (Fig. 3D) . Figure 4 shows a single colony within the seminiferous tubule separated from the testis of a heat shock-treated recipient on Day 60 after transplantation. The green fluorescence area in the tubules represented a growing germ cell colony derived from transplanted SSCs (Fig.  4B) . The isolated tubule was divided into three parts on the basis of fluorescence intensity (Fig. 4C) . The fluorescence intensity was weak at both ends of the recipient tubule, moderate between the end and the middle portion, and strong in the middle portion.
Comparison of the Colony-Forming Efficiency Between Busulfan-Treated and Heat Shock-Treated Groups
Colony-forming efficiencies of donor SSCs were compared between heat shock-treated and busulfan-treated recipients 60 days after transplantation, as evaluated by the number and total length of testicular colonies (Fig. 5) . As shown in Table 1 , all testes were colonized by donor SSCs in both heat shock-treated and busulfan-treated recipients. Neither the number of colonies nor the total colony length was significantly different between the two groups, which indicated that heat shock treatment yielded a satisfactory colony-forming efficiency. It should be noted that a small, but not significant, reduction in colony number and size was observed in the heat shock-treated group.
Offspring Derived by ROSI with Spermatids from Heat Shock-Treated Recipients
Intracytoplasmic ROSI was used to test the function of donor-derived germ cells in heat shock-treated recipients. Heat shock-treated recipients with EGFP-positive germ cells were identified by fluorescence microscopy 60 days after transplantation (Fig. 6) . Live spermatogenic cells were recovered by repeatedly pipetting the colonized tubule fragments. Donorderived round spermatids with a small, round nucleus and their centrally located chromatin mass were subsequently injected into ICR oocytes. Of the 204 embryos constructed with round spermatids, 168 (82.35%) progressed to the 2-cell stage after 24 h of culture, and of these, 98 (58.33%) progressed to the EGFP-positive blastocyst stage after 94 h of culture (Fig. 7) . In addition, 212 two-cell blastomeres were transferred into the oviducts of 10 pseudopregnant ICR female mice. Two recipients gave birth to a total of eight pups (three males and five females). The origin of the pups was confirmed by EGFP fluorescence under UV light (Fig. 8) . All of the offspring developed into normal adult mice.
DISCUSSION
Transplantation of SSCs offers a powerful approach for the conservation of endangered species and the propagation of commercially important ones, and it also is a promising technology for the production of transgenic farm animals [1] [2] [3] [4] . At present, the most commonly used method of preparing recipients for SSC transplantation involves pretreatment with busulfan. In certain species, however, busulfan is associated with systemic toxicity and side effects that damage the SSC niche, which decreases the efficiency of transplantation and threatens the safety of recipients. In the present study, we used a novel approach to demonstrate the use of a single heat shock treatment to prepare recipients for SSC transplantation. Our [20] to create the necessary empty space for the migration and localization of donor-derived SSCs; 2) the SSC niche is surrounded by Sertoli cells, is not compromised drastically by heat stress, and thus should be able to support the development of introduced SSCs; and 3) heat shock treatment can be confined to the testes of the recipient to avoid possible systemic side effects caused by exposure to a high temperature. One thing that should be noted is that heat shock treatment was not as effective as busulfan treatment in the eradication of germ cells. Previous rodent studies, however, have shown that incomplete removal of endogenous germ cells does not impede successful SSC transplantation. When busulfan fails to remove germ cells completely, testicular health and donor-derived spermatogenesis are in fact improved [12, 15, 31] . We observed that heat shock treatment reduced the weight of recipient testes. Testicular weight was lowest on Day 14 after treatment and then began to increase gradually, although it remained below normal 28 days after treatment. The decrease in testicular weight occurred simultaneously with histological changes in the germ cell population within the seminiferous tubules of treated recipients, including the removal of germ cell populations, the appearance of empty cavities, and the disorganization of Sertoli cells. The largest hollow space within the seminiferous tubules appeared on Day 14 after heat shock treatment, when testicular weight was at its lowest. The degeneration of germ cells resulted in a great number of empty spaces within the adluminal compartments and parts of the basal compartments, which might facilitate the migration and location of transplanted SSCs from the seminiferous lumen to the basal compartments. We therefore decided to use mice as recipients for SSC transplantation an average of 14 6 2 days after they were treated with heat shock. Because mice treated with busulfan require 4 wk before use as recipients for SSC transplantation, heat shock treatment can shorten the time required for recipient preparation by approximately 2 wk.
Forty days after transplantation, donor-derived germ cell colonies with green fluorescence were observed in recipient testes. Although the testicular suspension from 6-to 8-day-old neonates includes diverse types of differentiated germ cells and somatic cells, most of the cells will be rapidly eliminated through phagocytosis by Sertoli cells [32] . Even though small colonies sometimes form that are derived from differentiating spermatogonia, these colonies do not persist beyond 1 mo [25] . These results indicate, therefore, that the EGFP-positive colonies in the testes of heat shock-treated recipients were derived from donor SSCs rather than from differentiated germ cells from the recipients. In addition, because Sertoli cells recognize SSCs and hold them to the basal compartment, which is the only site where SSCs can reside, the formation of donor-derived colonies also indicates that the function of Sertoli cells is not drastically compromised by heat shock treatment.
Although a real-time observation of the proliferation and differentiation of transplanted SSCs was not performed in the present study, we speculate that the pattern and kinetics of donor SSC colonization in heat shock-treated recipients are similar to those documented in busulfan-treated recipients [28, 33] . Isolated tubules from heat shock-treated recipients on Day 60 after transplantation contained three regions that differed in fluorescence intensity, with weak fluorescence at both ends of the colony, moderate fluorescence between the end and the middle portion, and strong fluorescence in the middle portion (Fig. 4C ). According to studies by Nagano et al. [33] and Ohta et al. [28] , areas of strong fluorescence intensity indicate the presence of differentiating cells, ranging from multilayered, differentiated germ cells to cells at the haploid spermatid stage; areas of moderate fluorescence intensity primarily indicate the presence of differentiating cells to the spermatocyte stage; and areas of weak fluorescence intensity indicate the absence of differentiating cells.
Heat shock treatment and busulfan treatment did not result in differences in colony-forming efficiency, because both RECIPIENT PREPARATION FOR SSC TRANSPLANTATION groups had a similar number of colonies and total colony length. This indicates that heat shock treatment of recipients results in a satisfactory colony-forming efficiency. Heat shock treatment did result in a small, but not significant, reduction in colony number and size, which might reflect the lower efficiency of heat shock in removing germ cells as compared with busulfan. Another noteworthy issue concerns local irradiation, which has been reported as an alternative to busulfan treatment. In previous research, local irradiation of testes has been very effective in reducing the number of endogenous germ cells in recipient mice [34] , goats [12] , rams [35] , and bulls [36] . However, besides of the reported calcification of seminiferous tubules [17] , this approach requires specialized radiotherapy equipment, which in its present form is not very practical for field application [3] . The potential risks caused by inappropriate handling, such as radiation leakage, cannot be overlooked as well. For the same reason, we have not made the direct comparison between irradiation and heat shock treatment in present study. Nevertheless, according to the study by Zhang et al. [17] , the donor-derived colony-forming efficiency of irradiated mouse testes is comparable to that of busulfan-treated mouse testes, so a preliminary speculation can be made that these two local treatments may have similar efficiency in supporting spermatogenesis of donor germ cells.
Intracytoplasmic ROSI was used to examine the function of donor-derived germ cells in heat shock-treated recipients. The differentiation of spermatids into mature spermatozoa is believed to provide a way to transport paternal genetic information to the oocyte [37] . The injected haploid genome of the round spermatid should therefore be sufficient for fertilization and subsequent embryonic development. In practice, ROSI has been used to treat infertility in both animals [38, 39] and humans [40] . In the present study, ROSI was performed 2 mo after transplantation, which was a time point believed to be sufficient for donor germ cells to complete meiosis and differentiate into round spermatids [32] , and we observed recovered germ cell populations in heat shock-treated recipients. Furthermore, blastocysts and healthy offspring were obtained using donor-derived germ cells from heat shock-treated recipients, which proved that donorderived germ cells from recipients prepared by heat shock treatment have full potential for achieving normal embryonic development.
In conclusion, we have developed a new strategy to prepare recipients for SSC transplantation in mice. Heat shock treatment is easy to perform, even in large animals, and it avoids the potential safety hazards associated with busulfan treatment without compromising colony-forming efficiency or the production of normal, healthy offspring.
